PHENOTYPIC plasticity is the ability of a genotype to produce different phenotypes in response to distinct environmental conditions ([@bib69]; [@bib59]; [@bib91]; [@bib19]; [@bib92]; [@bib50]). Intrinsically, phenotypic plasticity refers to all kinds of environmentally induced phenotypic variation and it can affect morphological, physiological, and behavioral aspects of an organism's phenotype, but also its life history. Plasticity is a universal property of living things, because all organisms respond to genes and the environment alike; thus, plasticity is found throughout all domains of life. While botanists have long appreciated the environmental influence on plant morphology, plasticity was less valued in animal systems, although it is as widespread in animals as in plants ([@bib90]). In addition, plasticity is known from bacteria, and even phage λ and other bacteriophages with their lytic (virulent) *vs.* lysogenic (temperate) life cycles. It is an interesting oddity of the history of biology that the first molecular process that was ever elucidated to near completion, the regulation of the lytic cycle in phage λ, represents an example of plasticity, even though it is rarely discussed as such ([@bib61]).

Plasticity is pervasive, as demonstrated by the many examples currently studied in laboratories around the world. In the interest of space, I will not provide an overview of these study systems as there are simply too many. Instead, I refer the reader to the many review articles that have been published in recent years and that provide excellent overviews ([@bib1]; [@bib42]; [@bib40], [@bib41]; [@bib51]; [@bib52]; [@bib55]; [@bib11]; [@bib58]; [@bib80]; Tandonnet and Pires-daSilva 2016; [@bib26]; [@bib56]; [@bib60]; [@bib66]; [@bib71]; [@bib72]; [@bib25]; [@bib34]; [@bib35]; [@bib57]; [@bib68]; [@bib76]; [@bib84]; [@bib39]; [@bib43]). While this list contains only those reviews published since 2014 and is likely still incomplete, it demonstrates the growing awareness about plasticity and its evolutionary significance.

1.  A: Historical skepticism against phenotypic plasticity and its significance for evolution1. Empirical evidence for plasticity?2. Can environmental responsiveness promote evolution?3. Molecular mechanisms of environmental influence?How should environmental effects be targeted by selection?

2.  B: Developmental plasticity and evolution - West-Eberhard and four unique contributions for plasticity as a mechanism of evolutionA giant collection of alternative phenotypesAlternative phenotypes as functionally independent targets of selectionA general critique of Neo-Darwinism and its inconsistencies and gapsPlasticity as a facilitator of novelty (The facilitator hypothesis)

3.  C: Three predictions for contemporary research to test the facilitator hypothesisThe origin of novelty starts with environmentally responsive and developmentally plastic organismsEnvironmental responsiveness requires developmental switch genes to allow developmental reprogramingMolecular mechanisms of environmental influence?Pulses of plasticity end by environmental influences becoming genetically encoded -- genetic accommodation and genetic assimilation

This growing awareness is in strong contrast to a long phase of neo-Darwinism that neglected the importance of development and the significance of the organism's responsiveness to the environment for evolution. For example, Williams objected that plasticity guarantees a dead end for the underlying traits, arguing that plasticity hinders evolution ([@bib93]). Similar arguments were made by [@bib14], disputing the importance of development and the environment in favor of selection as the "*main guiding force of phenotypic evolution*" ([@bib14], p. 474). Such skepticism remained for decades and largely centered around three major reservations ([Box 1](#b1){ref-type="boxed-text"}A) ([@bib94]). First, is there sufficient empirical evidence for plasticity in general, and for plasticity as a driver of evolutionary change? Second, does plasticity act to promote or hinder evolution? Finally, what could be the molecular mechanisms of the environmental influence on phenotypes, how do such mechanisms become genetically encoded, and how do they become a target of selection? These reservations highlighted the fundamental challenges for research on phenotypic plasticity, but they also provided a road map for novel investigations.

Eventually, only the identification of the molecular mechanisms enabling plastic responses of the organism to the environment will pave the way for full acceptance of plasticity in evolution and its significance for evolutionary change. Importantly, such investigations must contain a strong comparative perspective involving multiple species in a phylogenetic context to delineate plasticity as a potential originator of evolutionary novelty. Such studies must also reveal that plasticity is subject to selection, ultimately resulting in adaptive phenotypes. After a very short summary of theoretical and historical aspects of phenotypic plasticity, this contribution will formulate the three major research directions that plasticity research must take to provide mechanistic insight. Such mechanistic insight from selected model systems can provide the necessary empirical support for recent theoretical attempts to incorporate plasticity into an extended evolutionary synthesis ([@bib84]). Finally, I will present a four-step model for the role of plasticity in evolution, which can help develop a true developmental *evolutionary* biology.

Three Independent, Conceptual Features of Phenotypic Plasticity {#s1}
===============================================================

Three conceptual features of plasticity are important to properly evaluate the significance of plasticity for evolution. First, the phenotypic variation of plastic traits can be continuous or discrete, the latter resulting in alternative phenotypes. While continuous plasticity is more common in nature, it carries the inherent difficulty of properly distinguishing if the observed phenotypic variation indeed results from plasticity in response to the environment or, instead, from genetic polymorphisms. In contrast, alternative phenotypes, such as seasonal polyphenisms in butterfly wing patterns and the discrete defense phenotypes of clonally propagating rotifers that are preyed upon by various invertebrates ([@bib10]; [@bib25]), exhibit a well-defined environmental response element. Therefore, discrete plasticity and alternative phenotypes have been crucial for advancing the theory of phenotypic plasticity, as will be discussed in more detail below. Additionally, alternative phenotypes have a number of advantages for experimental analysis given their binary readout. This is important for many contemporary case studies of plasticity in both animals and plants.

Second, phenotypically plastic traits can originally be adaptive or nonadaptive. Most researchers studying plasticity would argue that only the former can contribute to evolution when organisms are faced with a new environment. In contrast, nonadaptive plasticity in response to extreme and stressful environments is likely to result in mal-adaptive traits with little evolutionary significance. However, some authors have recently argued the importance of such nonadaptive plasticity and its potential for rapid evolution that ultimately might become adaptive ([@bib24]). While the study design used in these experiments is itself contentious ([@bib46]; [@bib86]), the general idea of nonadaptive phenotypic plasticity for contemporary adaptation to new environments ([@bib23]) might become an important research topic, and particularly so in light of climate change.

Finally, the threshold response of plasticity might be regulated in a conditional or a stochastic manner. While the former is more common, the potential role of stochastic factors is well known in microbes. For example, persister cell formation in *Staphylococcus aureus* and spore formation in *Bacillus subtilis* are examples of what, in microbial terminology, is often referred to as phenotypic heterogeneity or bistability ([@bib20]; [@bib18]; [@bib2]). However, stochastic factors are also increasingly recognized in examples of plasticity in multicellular organisms and conditional *vs.* stochastic regulation of plasticity are not mutually exclusive ([@bib80]). Together, continuous *vs.* discrete, adaptive *vs.* nonadaptive plasticity, and conditional *vs.* stochastic regulation represent important distinctions for the evaluation and significance of plastic traits in evolution.

The History of a Concept {#s2}
========================

From Baldwin to Bradshaw {#s3}
------------------------

Some of the controversy and contention around phenotypic plasticity has a historic basis. In this short section, I will only briefly summarize some of the major contributions that have influenced the perception of plasticity. For a full account, I refer the reader to an extended analysis of the history of phenotypic plasticity by [@bib53]. The first example of plasticity was the so-called "Baldwin effect" published by James Baldwin in 1896, which did not even mention the word plasticity. The Baldwin effect describes the influence of learned behavior on evolution, suggesting that the organism's ability to learn a new behavior (for example in response to a new stressor) might affect fitness and therefore influence natural selection ([@bib6]). Similar ideas have been proposed multiple times independently and Gilbert Gottlieb has provided the most recent summary of plasticity, learned novel behaviors, and psychology ([@bib27]).

Much of the controversies around plasticity are due to the vocabulary used in the premolecular era. As pointed out by [@bib13], this vocabulary is diverse, has changed over time, and, most importantly, has often been used inconsistently. This began more than a century ago when Richard Woltereck carried out the first experiments on plastic characters. In 1909, he used the water flea *Daphnia* to describe the relationship between the expressions of phenotypes across a range of different environments and coined the term "reaction norm" ([@bib69]). The full significance of the phenomenon remained elusive because Woltereck had missed the opportunity to properly define phenotypes. Indeed, it was Johannsen who, in 1911, first distinguished between genotype and phenotype, and introduced the concept of genotype--environmental interaction ([@bib53]).

Three decades later, Schmalhausen in Russia and Waddington in Great Britain further developed the concept of phenotypic plasticity. Schmalhausen developed a theory of "stabilizing selection," arguing that environmentally induced plastic traits, when adaptive, can become genetically fixed ([@bib70]). We will return later to this form of "genetic assimilation." Waddington, by using environmental perturbation of development, provided important conceptual contributions based on his work with the bithorax and crossveinless phenotypes in *Drosophila*. However, Waddington was inconsistent in his nomenclature, as can be seen from his late monograph *The Evolution of an Evolutionist* ([@bib87]). While he clearly introduced the concept of genetic assimilation, and discussed the importance of developmental switches and epigenetic processes, he did not consistently use the same nomenclature and terminology. For example, in different publications on his selection experiments in *Drosophila*, he would sometimes omit the term genetic assimilation or "developmental switch," while in others the whole arguments centered around these terms. In parts, this was based on the missing genetic and molecular foundation of developmental biology in the 1940s. As a result, Waddington's argument for genetic assimilation to allow environmental responses to be incorporated into the developmental program of the organism was controversially discussed but found little support among neo-Darwinists ([@bib3]).

In 1963, Ernst Mayr pointed toward another inconsistency in nomenclature. At that time, the term polymorphism was used to describe any kind of phenotypic variation independent of the underlying causes. Mayr suggested that the term polymorphism should be used only for variation that was genetically based. Simultaneously, he introduced the term "polyphenism" for nongenetic variation of the phenotype. He wrote:

> Polyphenism is discontinuous when definite castes are present or definite stages in the life cycle or definite seasonal forms. Polyphenism may be continuous, as on the cyclomorphosis of fresh-water organisms and some other seasonal variation ([@bib47], p. 150).

The distinction between genetic polymorphism and environmentally induced polyphenism is an important one, even if it has not been followed by all scholars in a consistent manner ([@bib13]).

A short 2 years later, an even more important conceptual breakthrough was achieved when Anthony Bradshaw proposed that phenotypic plasticity and the ability to express alternative phenotypes must be genetically controlled. Bradshaw developed this idea in 1965 based on the analysis of plants that develop alternative phenotypes in response to extreme environmental conditions. Bradshaw realized that the plasticity of a trait could differ between close relatives of the same genus, independently of the trait itself ([@bib9]). For example, the degree of heterophylly can differ remarkably between closely related water plants, such as *Ranunculus peltatus* and *R. hederaceus*, or *Potamogeton natans* and *Po. lucens*. Similarly, marked differences in plasticity are known from varieties within certain crop species. Bradshaw concluded that "*such differences are difficult to explain unless it is assumed that the plasticity of a character is an independent property of that character and is under its own specific genetic control*" ([@bib9], p. 118). Together with Mayr's separation of polymorphism and polyphenism, Bradshaw's remarkable conclusion represents the key foundation for modern studies of plasticity.

West-Eberhard and alternative phenotypes {#s4}
----------------------------------------

While Mayr's and Bradshaw's contributions were important, neither of them resulted in the acceptance of plasticity as a significant factor in evolution. As already indicated above, skepticism remained for decades, building on the reservations described in Box 1A. Therefore, the most important challenge was to provide empirical evidence for the widespread occurrence of plasticity and to simultaneously develop a theoretical concept that would support its significance for inducing evolutionary innovations. In 1989, Mary Jane West-Eberhard published a review article entitled *Phenotypic plasticity and the origin of diversity* that made the first convincing argument for plasticity to act as a diversifying agent in evolution. This idea was further developed and exhaustively expanded in her 2003 monograph *Developmental Plasticity and Evolution*. This monograph represented the most significant turning point in considering the role of plasticity in evolution by offering four unique contributions (Box 1B). First, it displayed an immense collection of polyphenisms. It showed "*once and for all*" ([@bib91], p. vii) how pervasive alternative phenotypes and plasticity are in nature. This observation resulted in the important conclusion that organisms are universally responsive to the environment, similar to their responsiveness to genes. As such, environmental influences on organisms and their phenotypes must not be ignored in evolutionary theory. Second, West-Eberhard argued that alternative phenotypes become developmentally and functionally independent subjects of selection. The independent expression in different individuals and populations can therefore lead to evolutionary novelty and adaptation. Both of these conclusions, the universal interdependence between the environment and organisms, as well as selection independently targeting the alternative phenotypes of plasticity, were made possible by West-Eberhard's liberate restriction on alternative phenotypes.

She also pointed toward existing gaps and inconsistencies in mainstream evolutionary theory, which represented the third major contribution of her monograph. She clearly delineated how neo-Darwinian thinking sidelines organismal responses to the environment as being of little significance for evolution, although they are so tremendously widespread. Similarly, mainstream theory pays little attention to development as a proximal mechanistic principle that delineates all phenotypes. Instead, it relies on genes and mutations as the originator of new phenotypes, which results in important contractions and inconsistencies because selection cannot directly act on genes (except for those acting directly on germ cells). This critical review allowed West-Eberhard to propose plasticity as a mechanism that can fill existing gaps; by definition, phenotypic plasticity demonstrates the importance of the environment and development for the generation of phenotypic traits. Therefore, the final contribution of the book was to propose plasticity as a major facilitator of novelty: "*alternative (phenotypes) permit the elaboration of a new trait without eliminating an established one*, *thereby facilitating the evolution of new adaptive specializations*" ([@bib91], p.377). This idea resulted in the hypothesis that novelty in evolution is often associated with plasticity. Plasticity, with its inherent consideration of environmental and developmental influences on phenotypes, is therefore a logical extension to evolutionary theory that can overcome existing inconsistencies. In summary, *Developmental Plasticity and Evolution* represented a *critique* on evolutionary thought that simultaneously provided new hypotheses, which can be empirically tested. As will be discussed below, the confirmation of the facilitator hypothesis and the identification of associated molecular mechanisms are the most critical challenges for current and future plasticity research.

Three Predictions for the Role of Plasticity in Evolution {#s5}
=========================================================

Three predictions have to be fulfilled to support the role of plasticity as facilitator for evolutionary novelty and diversity (Box 1C). First, the origin of novelty often starts with environmentally responsive and developmentally plastic traits. This proposal is also referred to as "plasticity first evolution" or the "flexible stem hypothesis" ([@bib26]; [@bib43]). Second, environmental responsiveness requires developmental reprogramming in the form of developmental switch genes. And third, pulses of plasticity are restricted in evolutionary time. Ultimately, plasticity, and with it environmental responsiveness, becomes genetically encoded, a phenomenon that is also known as "canalization," "genetic accommodation," or genetic assimilation with slightly different meanings, which will be discussed below. All three of these predictions need empirical support to show the role of plasticity in evolution. Ultimately, only case studies identifying associated molecular mechanisms can provide the necessary insight that will allow a general acceptance of plasticity as major factor of evolution. Therefore, in the second part of this contribution, I will provide three selected examples of plasticity from vertebrates, nematodes, and insects, respectively, resulting in a four-step model for the role of plasticity in evolution.

Prediction 1: novelty relies on plasticity {#s6}
------------------------------------------

West-Eberhard proposed that the origin of novelty often starts with environmentally responsive and developmentally plastic traits ([@bib91]). Testing this prediction requires comparative studies in a strict phylogenetic context to determine the direction of change and, thus, polarity. In the past, such studies have been difficult because potentially novel (apomorphic), plastic characters have themselves been used for phylogenetic reconstruction. This resulted in problems for phylogenetic reconstruction if the plasticity and potential canalization of characters were not properly considered. Now, molecular sequence analyses provide robust phylogenies independent of morphological characters. Such phylogenetic frameworks allow the proper use of the comparative method ([@bib30]), and indeed, various case studies confirmed the prediction that plasticity correlates with phenotypic novelty.

One example is the origin of predatory morphs in spadefoot toad tadpoles \[for recent review, see [@bib43])\]. The North American toad genus *Spea* has invaded an unexplored ecological niche consisting of rapidly drying ponds that usually exist only for a short period of time ([Figure 1, A and B](#fig1){ref-type="fig"}). Tadpoles of most anurans are omnivores, such as species of *Scaliphiopus*, a group that is closely related to *Spea*. Such omnivore tadpoles have small jaw muscles, smooth mouthparts, and a long gut, and they eat detritus, algae, and small crustaceans. In contrast, tadpoles of *Spea* have evolved an extreme case of polyphenism, exhibiting an alternative, carnivorous morph. Carnivore tadpoles have large jaw muscles, notched mouthparts, and a short gut, and they preferentially eat larger shrimps and even other tadpoles. These tadpoles are an evolutionary novelty because they are only known from species of *Spea*. Interestingly, most *Spea* species display the described polyphenism through diet-induced plasticity ([Figure 1A](#fig1){ref-type="fig"}). For example, *S. multiplicate* exhibits plasticity in muscles, mouthparts, gut length, and body size. However, another species, *S. bombifrons*, only forms the carnivorous but not the omnivorous morph. The phylogenetic relationship of the described species is consistent with the plasticity first hypothesis: species of *Scaliphiopus*---the outgroup to *Spea*---only form omnivore tadpoles, representing the ancestral pattern. Then, the origin of plasticity resulted in the alternative carnivorous morph ([Figure 1B](#fig1){ref-type="fig"}). Finally, the absence of the omnivorous form in *S. bombifrons* represents a secondary loss.

![Three predictions for the role of plasticity in evolution. Prediction 1, novelty relies on plasticity (A and B); prediction 2, developmental switch genes and the molecular basis of plasticity (C and D); and prediction 3, regimes of canalization (E--G). (A) Spadefoot toads in the genus *Spea* produce alternative, environmentally induced tadpole morphs: a slower developing omnivore morph (left) and a more rapidly developing carnivore morph (right), which is induced by, and specializes on, animal prey, such as fairy shrimp (center). Photo: David Pfennig. (B) Plasticity first evolution. A phylogenetic comparison between different *Spea* species and the outgroup *Scaliphiopus* reveals that the novel carnivorous morph evolved through a phase of phenotypic plasticity. *Scaliphiopus* displays only the omnivorous morph. In contrast, *S. bombifrons*, a species that only exhibits the carnivorous morph, is secondarily derived, representing a secondary character loss consistent with plasticity first evolution (O, strict omnivore; B, both morphs; and C, strict carnivore). (C) Mouth-form plasticity in the nematode *P. pacificus*. The predatory eurystomatous (Eu) mouth form (left and center) exhibits a dorsal tooth (colored blue in left picture) and a subventral tooth (blue in central picture). In contrast, the bacterivorous stenostomatous (St) morph has only a dorsal tooth (not visible in this focal plane), whereas the subventral tooth is reduced to a ridge (yellow in picture to the right). Photo: Tobias Theska. (D). Mouth-form plasticity is controlled by a developmental switch gene. The PS312 wild-type strain is predominantly Eu. Animals heterozygous for a mutation in the switch gene *eud-1* are already predominantly St, whereas homozygous mutants are all-St. Overexpression (OE) of *eud-1* reverts the phenotype to all-Eu, suggesting that the activity of *eud-1* is dose-dependent. This is further supported by the fact that *eud-1* is located on the *X* chromosome and males, carrying a single *X* chromosome, are preferentially St. However, overexpression of *eud-1* from a transgene converts the phenotype to all-Eu. \[redrawn and modified from [@bib62])\]. (E) The tobacco hornworm *M. sexta* develops green larvae, but black mutants exist that recapitulate the evolutionary ancestral state. This state, as shown for *M. quinquemaculata*, exhibits a color dimorphism with black larvae when cultured at 20° and green larvae when cultured at 28°. Photo: Fred Nijhout. (F) Selection results in genetic accommodation. Changes in the mean coloration of heat-shocked larvae in response to selection for increased (green) and decreased (black) color response to heat-shock treatment. The blue line represents the color score of an unselected control line \[redrawn with permission from [@bib82]\]. (G) Reaction norm after 13 generations of selection for polyphenic or monophenic lines. Culturing at constant temperatures between 20° and 40° reveals that only the polyphenic line shows a strong temperature response in coloration, indicating that genetic accommodation can be selected for in only 13 generations. In contrast, no or little coloration differences in response to different culture temperatures were seen in the monophenic and unselected lines, respectively \[redrawn with permission from [@bib82]\].](1f1){#fig1}

In a recent study, Levis and co-workers extended their previous analysis, and tested to which extent alternative diet (detritus *vs.* shrimp) could induce plasticity and change-associated morphologies ([@bib44]). In *Scaliphiopus*, diet-induced morphological changes were observed in several traits, but only some of them were adaptive. In contrast, the phenotypically plastic *S. multiplicate* exhibited adaptive diet-induced plasticity in all investigated traits. Finally, the canalized *S. bombifrons* showed an even greater refinement of characters in response to a shrimp diet. These studies strongly support the role of plasticity for the evolution of the carnivorous morph as a novel trait and suggest the following scenario. First, environmental changes trigger and induce phenotypic variation through phenotypic plasticity. Second, different genotypes and populations differ in the type and abundance of their response patterns. Third, natural selection can act on these response patterns and can finally result in a canalized phenotype that is itself still subject to selection. Therefore, such an evolutionary scenario creates both morphological novelty and diversification, as seen in *S. bombifrons*.

Increased comparative research activities provide strong evidence for the plasticity first hypothesis. One other example in the context of feeding plasticity is the evolution of predatory *vs.* nonpredatory mouth forms in the nematode *Pristionchus pacificus*. The investigation of ∼100 species of \> 20 genera of the same family of nematodes, the Diplogastridae, revealed that the evolutionary novelty, the formation of teeth-like denticles enabling predation, was also associated with plasticity ([@bib55]; [@bib81]). Mouth-form plasticity in *P. pacificus* will be the subject of the next paragraph, testing the second major prediction of the facilitator hypothesis. Indeed, nematodes are a prime target for the study of plasticity for multiple reasons. First, ∼80% of animal species on Earth are believed to be nematodes ([@bib79]; [@bib85]). Second, besides their abundance they display enormous diversity, in particular with regard to feeding structures and feeding strategies. Finally, several selected model systems can be cultured under laboratory conditions, providing the necessary tools to obtain molecular and mechanistic insights. This includes *Caenorhabditis elegans* and the aforementioned *P. pacificus*, which will be described in more detail below.

Prediction 2: developmental switch genes and the molecular basis of plasticity {#s7}
------------------------------------------------------------------------------

Nonplastic developmental processes are hardwired against environmental fluctuations, whereas plastic processes are characterized by being able to sense and respond to environmental information. It has been proposed that developmental switch genes fulfill this function by first, sensing the environment and second, controlling alternative phenotypes. However, the identity of such developmental switch genes remained completely elusive for a long time. In developmental biology, so-called "genetic switch genes" are well known from various developmental pathways. For example, the proto-oncogene RAS in EGF/EGFR signal transduction, when permanently activated through a gain-of-function mutation, results in a conformational change that leads to the overexpression of certain cell fates ([@bib29]). As part of more complex gene regulatory networks (GRNs), such signal transduction pathways control gene expression via individual or groups of transcription factors ([@bib17]). However, it was unclear if genetic switch genes were part of "environmentally induced developmental switches" in the context of phenotypic plasticity. Similarly, the GRNs that control plastic phenotypes have not yet been identified. Therefore, testing this prediction, and identifying developmental switch genes and associated GRNs, were essential to confirm the significance of plasticity for evolution. Such endeavors require a model system approach with molecular and genetic investigations providing mechanistic insight.

One such system is the nematode *P. pacificus*, which exhibits a feeding dimorphism in form of a bacterial feeding morph (stenostomatous, St) and a facultative predatory (eurystomatous, Eu) morph ([@bib8]) ([Figure 1C](#fig1){ref-type="fig"}). *P. pacificus* is a self-fertilizing nematode that usually propagates as hermaphrodites with the rare occurrence of males. Self-fertilization in this species results in a unique advantage for the study of phenotypic plasticity. All the progeny of an individual worm, and usually even all members of a population, are clonal and thus genetically identical. *P. pacificus* has been established as a genetic system with forward and reverse genetic tools ([@bib96]), allowing unbiased genetic studies of mouth-form plasticity. Also, mouth-form plasticity in *P. pacificus* shows strong conditional regulation. When grown on standard nematode agar plates with *Escherichia coli* as a food source, worms are preferentially predatory. In contrast, when grown in liquid culture, worms are nearly exclusively nonpredatory ([@bib89]). Thus, *P. pacificus* allows fast genetic and environmental manipulation of a plastic trait under laboratory conditions.

Strikingly, the first genetic investigations of mouth-form plasticity indeed identified a developmental switch gene. Ragsdale and co-workers performed unbiased screens for mutants that would alter the mouth-form ratio of *P. pacificus* on agar plates and identified a gene that, when mutated, would result in all-St worms ([Figure 1D](#fig1){ref-type="fig"}) ([@bib62]). This gene was named *eud-1*, for *eu*rystomatous-form-*d*efective; it encodes a sulfatase, and mutations in *eud-1* show a number of unusual characteristics. First, mutants are dominant so that hermaphrodites with a single mutant copy are already preferentially St. Second, these *eud-1* mutants are loss-of-function, a rare genetic phenomenon. For example, in *C. elegans*, only one dominant loss-of-function mutant is known after 50 years of genetic studies, whereas dominant gain-of-function mutants are frequent. In *P. pacificus*, the dominant *eud-1* phenotype already indicates the role of this gene as a developmental switch. Indeed, further studies revealed that *eud-1* is extremely dose-sensitive and overexpression of *eud-1* in a *eud-1* mutant background can completely revert the all-St mutant phenotype into an all-Eu phenotype ([Figure 1D](#fig1){ref-type="fig"}) ([@bib62]). Thus, *eud-1* represents a classical genetic switch gene, as described from developmental genetic studies in multiple model organisms. These findings suggest that environmentally induced developmental switch genes share, at least in part, characteristics of genetic switches. However, the situation is more complicated, as indicated below.

Subsequent investigations showed that *eud-1* represents a complex genetic locus. It contains an antisense transcript that acts positively on *eud-1* expression ([@bib73]). Furthermore, *eud-1* is part of a multigene locus that contains two pairs of duplicated genes in a tandem inverted configuration ([@bib77]). These genes, *nag-1* and *nag-2*, encode for N-acetyl-glucosaminidases and mutants in these genes have an opposite phenotype to *eud-1*, resulting in all-Eu animals under all culture conditions. *eud-1*, *nag-1*, and *nag-2* are expressed in different sensory neurons, further supporting the notion that they are involved in sensing the environment. Thus, the environmentally induced mouth-form switch is a network with modular organization, the full complement of which is still to be investigated. Such a switch network cannot act alone and it has been anticipated that it must function in concert with a "phenotypic execution network," which most likely represents a typical GRN ([@bib76]).

Indeed, more recent genetic studies identified large parts of the GRN of mouth-form plasticity in *P. pacificus* ([@bib12]; [@bib78] *preprint*). At the center, two nuclear hormone receptors, *nhr-1* and *nhr-40*, are involved in transmitting environmental information to mouth-form decision-making processes. Interestingly, *nhr-40* also shows characteristics of a genetic switch, as gain-of-function mutations result in all-Eu phenotypes, whereas loss-of-function mutations of *nhr-40* are all-St ([@bib78]). These findings clearly indicate that both the switch network and the GRN of mouth-form plasticity are complex entities, and that genetic switches are only parts of larger regulatory networks. When Sieriebtriennikov and co-workers tried to identify the downstream targets of the nuclear hormone receptors NHR-40 and NHR-1, they found that they have a small number of common targets. However, surprisingly, all of these common targets are fast-evolving genes that have no 1:1 orthologs in *C. elegans*. This is in strong contrast to *nhr-1* and *nhr-40* themselves, which are 1:1 orthologous between *P. pacificus* and C. *elegans*; although, in general, nuclear hormone receptors evolve extremely rapidly ([@bib78]). Thus, the evolution of a novel feeding behavior by a novel morphological structure depends on rapidly evolving genes, the latter of which are primary subjects of recent investigations ([@bib67]).

Taken together, these studies strongly support the second prediction of the facilitator hypothesis: plasticity requires developmental reprogramming in the form of developmental switches that can incorporate environmental information. However, the associated molecular mechanisms are complicated, involving complex loci, such as *eud-1*, that function as switches and GRNs. While still early, it is likely that switch genes point to a general principle of plasticity because other examples of plasticity also involve complex switch mechanisms. For example, the nematode dauer stage, which represents a second example of phenotypic plasticity in nematodes, is also regulated in a complex manner and involves the nuclear hormone receptor *daf-12*, which acts as a switch ([@bib4]). In addition, the regulation of the lytic cycle in bacteriophages identified a switch mechanism that required a complex genetic locus, and relied on genetic and epigenetic mechanisms ([@bib61]). Finally, the regulation of flowering in *Arabidopsis thaliana* through the flowering locus C is another example of a complex genetic locus that involves genetic and epigenetic mechanisms to regulate a phenotypically plastic trait ([@bib16]). In all these systems thresholds exist, above or below which responses to the environment result in different phenotypic outcomes. Therefore, it is very possible that future studies on other examples of plasticity will reveal similar principles involving switch mechanisms.

Prediction 3: regimes of canalization, from genetic accommodation to assimilation {#s8}
---------------------------------------------------------------------------------

Important challenges remain to prove the full significance of plasticity as a major mechanism of evolution. Are plastic traits subject to external selection pressure and what are the mechanisms that will result in the fixation of the originally plastic traits? Many case studies in the last two decades have shown that plastic traits are indeed subject to selection, resulting in rapid evolution of the associated traits, including the *Spea* tadpoles discussed above. Another example comes from beetle horn development in the dung beetle *Ontophagus taurus*. Males of this species express two alternative phenotypes. If they grow under favorable conditions, they have a large body size and in response, develop a pair of horns that allows them to fight against other males to obtain a chance of mating with females. In contrast, males that grow under unfavorable conditions will remain small, and as a consequence, stay hornless and will not get involved in fights with conspecific males. Thus, a body weight threshold will induce the formation of horns resulting in a polyphenism associated with different mating behaviors. While *O. taurus* is originally from the Mediterranean region and is common in many southern European countries, it was introduced into several Australian states as part of a release program between 1969 and 1983. In the same time period, it was accidentally also introduced into the eastern United States with the first reports from Florida in 1971. The comparison of the material from Australia and the United States after 40 years of independent evolution revealed massive divergence in the threshold body size that induces the formation of horns. Common garden experiments showed that this divergence is genetically encoded because it is fully maintained under laboratory conditions for multiple generations ([@bib48]). In a follow-up study between native (Mediterranean) and exotic (Australian and United States) populations, it was shown that threshold divergence has indeed evolved in the 40 years of independent evolution ([@bib49]). These studies clearly indicated that polyphenisms are subject to selection, which will result in adaptive changes.

Experimental studies under laboratory conditions can provide direct evidence that polyphenisms might evolve through genetic stabilization of an originally environmental signal. Selection experiments have been extremely powerful in butterflies, such as for eyespot patterns in *Bicyclus anynana* and larval color variation in the tobacco hornworm *Manduca sexta* ([@bib10]; [@bib82]). *M. sexta* is monomorphic with regard to its larval color with only green larvae ([Figure 1, E--G](#fig1){ref-type="fig"}). In contrast, the close relative *M. quinquemaculata* exhibits a color dimorphism, developing a black phenotype at 20° and a green morph at 28° ([Figure 1E](#fig1){ref-type="fig"}). Suzuki and Nijhout performed selection experiments with a *black* mutant of *M. sexta* that shows reduced juvenile hormone secretion resulting in a black morph, similar to the one known from *M. quinquemaculata* ([Figure 1F](#fig1){ref-type="fig"}). Heat-shock experiments at 42° in the sensitive period allowed a range of color morphs to be generated that can be selected for in experimental evolution settings. Within 13 generations, polyphenic and monophenic lines were selected that resulted in green and black morphs, respectively ([Figure 1F](#fig1){ref-type="fig"}). When cultured under constant conditions between 20° and 33°, only the polyphenic line exhibited a strong threshold response with temperatures \> 30°, showing a similar response to the heat-shock condition of 42° ([Figure 1G](#fig1){ref-type="fig"}). Physiological studies revealed that the polyphenic line had higher juvenile hormone titers at higher temperatures, suggesting that changes in hormonal regulation may underlie the evolution of color polyphenism ([@bib82]). This study is a striking example of what was originally designated as genetic accommodation ([@bib91]). During genetic accommodation, a novel phenotype caused by mutation or environmental change becomes ultimately manifested as an adaptive phenotype through quantitative genetic changes. Together, the study of various insect systems by Nijhout and colleagues, as well as others, clearly indicates that plastic traits are subject to selection leading to phenotypic divergence through accumulated genetic accommodation.

It is important to note that genetic accommodation, as described above, is clearly distinct from genetic assimilation and canalization. Genetic accommodation is a mechanism by which a phenotypic variation, originally induced by a mutation or an environmental change, becomes adaptive. In contrast, genetic assimilation results in the genetic fixation (canalization) of the novel trait, thereby eliminating its environmental responsiveness altogether ([@bib82]; [@bib34]). Both processes are important for the role of plasticity in evolution; ultimately, associated molecular mechanisms must be identified, like in the case of environmentally induced developmental switches. Indeed, the identification of the associated molecular mechanisms represents a major remaining challenge for a detailed understanding of phenotypic plasticity.

Challenges and Opportunities for Current and Future Research {#s9}
============================================================

The identification of environmentally induced developmental switches and the indication that plastic traits are indeed subject to selection leave one major challenge unanswered: what are the mechanisms that will result in the genetic assimilation of a trait in the final step of plasticity evolution? How do environmental influences on phenotypes become genetically encoded? Do these phenomena involve transgenerational effects? Is epigenetic information involved in these processes? The identification of the molecular mechanisms that enable the transition from an "environmentally induced" to a "genetically encoded" state is thus a prime area of future research.

Fortunately, a rich range of literature is currently accumulating that studies transgenerational and epigenetic effects. In particular, the nematode *C. elegans*---with its clonal reproduction, rapid growth in the laboratory, and dietary simplicity---exhibits a number of examples of such "noncanonical" inheritance. While these studies are not primarily concerned with phenotypic plasticity, they offer important insight into the mechanisms that are potentially associated with genetic assimilation and canalization. Below, I provide a brief overview about transgenerational inheritance in *C. elegans* and will finally discuss its potential power for plasticity research.

Transgenerational epigenetic inheritance was first documented in plants, where germ cells often derive from somatic tissues and are exposed to the environment ([@bib31]). In contrast, in animals, transgenerational effects have been more difficult to identify. It was early work in *C. elegans* on germline immortality that revealed reprogramming of epigenetic memory ([@bib95]). Strome and co-workers identified in forward genetic screens the "*m*aternal *e*ffect *s*terile" (*mes*) genes that are maternally required to contribute to germline immortality. If MES proteins are not provided by the mother, germ cells will die and the animal will be sterile. Subsequent studies have shown that MES proteins repress the epigenetic memory of the *X* chromosome on H3K27me ([@bib22]). At the same time, a number of related findings were made. For example, mutants in the H3K4me2 demethylase, called *spr-5* in *C. elegans*, exhibit progressive sterility over 20 generations, while original mutant cultures are fertile ([@bib36]). Similarly, transgenerational epigenetic inheritance of life span was shown to require H3K4me3 ([@bib28]). Other studies revealed that foreign DNA also induces transgenerational responses in worms, largely by acting through different forms of epigenetic inheritance. Various small RNAs are involved in gene silencing and are transmitted for multiple generations in a non-Mendelian manner ([@bib64]; [@bib75]). In this context, the genetic cofactors required for gene silencing were found to involve various Argonaute proteins, which are encoded by a gene family that is massively expanded in worms ([@bib5]; [@bib15]; [@bib74]; [@bib88]). More recently, starvation- and temperature-induced transgenerational effects were shown to also require small RNAs ([@bib65]; [@bib33]; [@bib38]; [@bib7]). Thus, a substantial body of evidence has accumulated in *C. elegans* that bridges the gap between transgenerational effects and epigenetic memory, and identifies associated mechanisms ([@bib45]; [@bib37]).

Genetic assimilation might be initiated by transgenerational effects that build upon epigenetic processes. For example, heritable chromatin marks are known to be deposited at RNA interference-targeted loci in *C. elegans* and they might affect the biogenesis of heritable small RNAs ([@bib63]). However, it is unlikely that traces of these processes can still be found in the already canalized phenotypes discussed above. Instead, one has to search for such mechanisms in experimental evolution settings. The increasing evidence that plastic traits can evolve rapidly makes them amenable to experimental evolution studies, in particular in insects and nematodes, but also other rapidly propagating species. Unbiased searches for associated epigenetic mechanisms will be necessary to create the ultimate link between environmentally induced epigenetic processes and properly inherited genetic changes. A true challenge for the next decade.

A Four-Step Model for the Role of Plasticity and the Origin of Novelty {#s10}
======================================================================

Plasticity first evolution in spadefoot toad tadpoles, environmentally induced developmental switch genes in predatory nematodes, and genetic accommodation and assimilation in dung beetles and tobacco hornworms not only confirm the major predictions of the facilitator hypothesis, but they also represent the different phases of phenotypic plasticity. I propose a four-step model to visualize the different phases of plasticity as an evolutionary trajectory and as a framework for associated phenotypic transitions ([Figure 2](#fig2){ref-type="fig"}). In the first step, environmental changes and/or genetic mutations result in the occurrence of plastic traits ([Figure 2](#fig2){ref-type="fig"}, step 1). While several examples of such plasticity first evolution have already been documented based on careful comparative and phylogenetic investigations, the associated molecular mechanisms await future analysis. Second, the conditional regulation of development requires developmental switches, the identification of which moved the analysis of plasticity from the phenotypic and phylogenetic levels to molecular mechanisms. However, the nematode example of feeding structure plasticity revealed that the genetic control of plasticity is complex, and requires sophisticated genetic and genomic tools ([Figure 2](#fig2){ref-type="fig"}, step 2). In the third step, the independent expression of plastic traits in different individuals and distinct populations results in local adaptation through independent selection. Associated changes in the molecular network controlling plasticity will result in genetic accommodation and, thus, further diversification ([Figure 2](#fig2){ref-type="fig"}, step 3). However, the identification of such changes is only possible once the regulatory developmental switches and associated GRNs have been identified. Ultimately, in the fourth step, one of the diversified traits might become genetically encoded and thereby independent of environmental influence. Such genetic assimilation or canalization will fix the trait, and will end the evolutionary pulse of plasticity ([@bib21]) ([Figure 2](#fig2){ref-type="fig"}, step 4).

![A four-step model for the role of phenotypic plasticity in evolution. First, the evolution of novelty (light-blue circle and light-red square) starts as an environmentally sensitive and phenotypically plastic trait from a previously hardwired monomorphic phenotype (purple circle). The origin of plasticity might be caused by environmental change and/or genetic mutations. Second, environmentally induced developmental switches regulate the expression of alternative phenotypes after sensing environmental variations. Alternative plastic traits are independently expressed in different individuals and populations. They can be the target of selection because they are functionally and developmentally independent. Therefore, selection will result in adaptation and further phenotypic diversification, a phenomenon referred to as genetic accommodation (indicated as shape variations in both phenotypes). Note that the color difference of both shape groups indicates that morphological and physiological traits, and their evolutionary variation, might influence the interaction of such organisms, *i.e.*, their behavior. In the final, fourth step, a phase of plasticity is terminated in a process called genetic assimilation or canalization (X). The associated molecular mechanisms that will give rise to canalized phenotypes have yet to be identified, similar to those associated with genetic accommodation. This represents the major challenge for plasticity research in the decade to come.](1f2){#fig2}

It is important to note that phenotypic innovation is not restricted to the origin of plasticity and genetic accommodation. Instead, the study by Levis and co-workers described above indicated that the canalized *S. bombifrons* showed the strongest character divergence upon diet induction ([@bib44]). Similarly, studies in nematodes indicated that the loss of polyphenism of feeding structures was followed by an even stronger rate of subsequent evolution of new phenotypes ([@bib81]). Thus, the loss of plasticity can also be associated with increased evolvability. Stabilizing mechanisms, which originally buffer the alternative phenotypes of the organism against genetic changes, might represent an explanation for this increased evolvability ([@bib55]). Such buffering mechanisms will result in the gradual accumulation of mutations that would otherwise affect the alternative phenotypes. When the polyphenism is lost, the need for stabilization disappears and some of the accumulated genetic variation is no longer buffered. This might cause the canalized phenotype to vary even more, and through selection can result in diverse adaptations ([@bib55]). Thus, all phases of plasticity are involved in creating novelty and diversity, making phenotypic plasticity a rich source of phenotypic innovation in evolution.

Conclusions {#s11}
===========

Phenotypic plasticity was, for a long time, an underappreciated and in large parts neglected mechanism and concept of evolution. This perspective is changing with new theoretical and empirical studies that point toward the significance of plasticity for facilitating the novelty and diversity of morphological, physiological, behavioral, and life history traits. Four features are necessary to reveal the importance of plasticity for the evolution of a given trait. First, comparative phylogenetic studies must show that plasticity indeed coincides with a novel trait. Second, molecular mechanisms must provide insight into how environmental information is perceived and how switch genes regulate alternative phenotypes. Third, the role of selection driving the adaptation of plastic traits has to be investigated in a phylogenetic context, resulting in genetic accommodation and assimilation. However, the true challenge for the decade to come will be to show the molecular mechanisms of genetic assimilation and, thus, how environmental information becomes genetically encoded during character canalization.
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